ABSTRACT. The distribution of velocity in a liquid-into-liquid jet, issuing from a cylindrical tube with a tapering approach, has been measured by photographing the traces made by suspended particles, with strong illumination and a determined exposure. The results have been compared with the theory for a jet issuing from a point in an infinite plane, and it is shown that, supposing the equivalent point source to be within the orifice, good agreement is found except in the immediate neighbourhood of the orifice. An expression has been derived connecting the distance of the equivalent point source from the orifice with the Reynolds's number. This enables the loss of kinetic energy of the jet to be worked out.
2. E X P E R I M E N T A L M E T H O D
The experiments, being carried out in a physical laboratory, had to be done on a small scale. The internal profile of the glass jet used is given in figure 2, which shows a photograph obtained by immersing the glass jet, full of air, in a liquid of the same refractive index as the glass, contained in a glass tank with plane sides. The diameter of the orifice was 0.91 mm. The wPter used contained very fine suspended particles. A horizontal plane through the axis of the jet was strongly illuminated, and photographed with a measured short exposure. The tracks of particles, both in the water constituting the original jet and in the surrounding liquid, appeared as short lines terminating sharply, the lengths giving a measure of the velocity at the mid-point of the line. From these tracks, then, the velocity distribution could be obtained, Subsidiary experiments gave the volume per second passing through the jet at various pressures, measured in the straight approach tube. The pressure in this tube was used to control and determine the mean velocity of eHux.
-54 c m . -
The general arrangement of apparatus is shown in figure I . Water from a large Mariotte's bottle, containing about 7 litres, was admitted, by a tap capable of accurate adjustment, to a vertical tube, leading to the jet J . The vertical tube TT allowed the pressure to be read by a cathetometer. The tank WWrested on a massive slate slab, supported on folded cloths, to minimize vibration. The level in the Mariotte's bottle was measured on a Casella sensitive pressure gauge, based on the internal reflection of a pointer from the surface of the water, reading to 0.01 mm. This was used to calibrate the outflow against the pressure, the time for the level to fall through z mm. being taken on a stop watch, and the corresponding volume being determined independently. The temperature was always maintained at 18' C., so that changes of viscosity had not to be considered.
Various particles were tried, including fish scales (as used for the manufacture. of artificial pearls), flue dust and a powdered magnesium-aluminium alloy. Aluminium particles from commercial alum'inium powder were finally adopted. The The velocity-distribution in a liquid-into-liquid jet 383 powder was washed in a separating funnel with alcohol, to remove grease, and the coarser particles run off. The alcohol was then filtered off from the remaining particles, which were dried and then suspended in distilled water, in a vessel about 5 ft. high. The suspension was allowed to stand for about 15 min., and the middle part of the liquid column then drawn off. This liquid, diluted with a large bulk of water, was used for the experiments, being placed both in the tank and in the supply bottle. The particles were from 0.05 to 0.08 mm. in diameter.
For illumination, a 55 A. arc was focused on to a horizontal slit by a wide-angle condensing lens, and an image of the slit formed on the axis of the jet stream by a 14 in. Mayer lens of aperture fiI.5. This image was about 0.1 mm. wide,-so that, even allowing for the convergence and divergence of the beam away from the axis, only a central section of the jet was illuminated. T o photograph the tracks a similar lens, by Dallmeyer, was used, which gave a magnification of 5 with the distances adopted. The plates were Ilford hypersensitive panchromatic, speed 8000 H. and D.
to +-watt illumination.
A shutter was required which would give exposures of some thousandths of a second with an accuracy of I per cent or better. This was provided by a rectangular aperture in a weighted board, falling freely in its own plane under gravity; the horizontal edges of the aperture were accurately straight, and their separation was 2.3 cm. in the normal case, giving an exposure of 0.00782 sec. Another aperture often used gave an exposure of 0'00497 sec. The shutter fell within 2 mm. of the illuminating slit, and was controlled by a magnetic release.
The plates obtained gave sharply terminated lines, as exemplified in figures 3 a and 3 b, which are selected as showing typical results at two different velocities. To measure up a plate a reference line, drawn parallel to the axis of flow, was taken as a provisional x axis, the y axis being the normal to the axis through the orifice.
The length of track was recorded against the coordinates of the mid-point of the track, several photographs being taken for each rate of efflux, so as to provide sufficient material. The exact position of the x axis was then obtained from considerations of symmetry. A standard value of x being selected, the velocity at this distance was obtained, if necessary by interpolation, for different values of y . Three different values of x were used, viz. 0.8, 1.8 and 3.3 cm.
T R E A T M E N T O F R E S U L T S
Schlichting's treatment, which is based on the neglect of the radial accelerations, in the sense of the boundary layer theory, leads to expressions for U and v, the longitudinal and radial velocities, of the following form:
where J being the momentum crossing a plane normal to the axis of the jet per second, v the kinematic viscosity and p the density of the fluid. The distance x is measured 384 E. N . da C. Andrade and L. C. Tsien parallel to the axis, from the point origin of the jet. The jet draws the surrounding liquid along, the theoretical stream lines in a particular case being given in figure 9.
We can express U in the following form:
If then we plot the experimental values of I /~U againsty2 we should obtain a straight line, and this expectation has been realized. The intercept on the vertical axis gives I/Z/A, and the slope of the line gives BIdA, from which A and B can be calculated.
With the values of A and B so found theoretical curves of U against y have been drawn for comparison with the experimental points. Figure 4 shows the theoretical curves of velocity-distribution across the jet, and the experimental points, at a distance x=3*3 cm., for various mean velocities of flow in the jet itself, calculated from the volume efflux per second. Q and the crosssectional area of the jet, which was 0.650 mm? Actually the pressure p was measured in each experiment, and Q found from the experimental curve connecting Q and p . It will be seen that over a wide range (Reynolds's number in the tube, taken as R=iialv, where a is the radius of the orifice, varies from 55 to 300) the agreement between the theoretical and experimental forms is excellent. The results at three different distances from the jet, viz. x=o.8, 1.8, 3-3 cm., with a fixed value of ii=46-7 cm./sec., are shown in figure 5 , where the agreement is equally satisfactory.
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T H E M O M E N T U M O F T H E J E T '
Velocity-distributions were measured at each of the known distances just = J in the case of water. Equation (4) enables us to find a value for J from each velocity profile measured.
These various values are shown in figure 6 , plotted against the pressure in centimetres of water, and it will be seen that the measurements made at three different distances are consistent. The volume issuing from the jet per second has been measured in terms of the pressure, but to find the momentum we must know the velocity-distribution at the orifice, for which we have to consider whether, with the short tube used, the influence of the entry extended to the orifice. At first sight it would seem that we have I/d=0*02g R. Taking for I, the effective length of our tube, 1.2 cm., which corresponds to the length AB in figure 2 , and a mean diameter of 0.103 cm., we find that R must not exceed 400, which would indicate that the parabolic distribution is only beginning to fail at our highest speeds. However, it has been shown that even a slight convergence in a tube (I mm . in radius on a length of I m., while R = 1000) causes a marked flattening in the velocity-distrib~tion(~)," while, for the case of convergent parallel walls (two-dimensional streaming) HamelC4. 5, has shown that U deviates markedly from Umax only at the walls, the velocity being uniform across almost the whole cross-section. We may anticipate, then, that with our convergent nozzle the were carried out by himself, but that details have never been published. velocity-distribution across the orifice will be p,ractically square-headed. This anticipation is confirmed when we come to compare the momentum, as deduced from velocity-profile measurements in the jet (where J = 1'047 A2/B) with that talculated from the volume efflux Q per second at the corresponding pressure-head, To find J from Q we must know the velocity-distribution at the orifice; for a parabolic distribution the momentum J p = Q pQ2/ra2, while for a square-headed distribution the momentumJs=pQ2/n-a2. In figure 6 the two curves J p and J s , computed from the experimental curve of Q against$, are shown, and it will be seen that, except from the smallest values of R, the points deduced from the velocity-profile agree closely with J s , indicating a uniform velocity across the jet. It would appear that the parabolic distribution with our particular jet ceases when R = about 80 or less, and the uniform velocity-distribution is certainly in force when R > about 180,
E F F E C T I V E O R I G I N O F T H E J E T
Referring to equation (3), we see that for a given value of x the ratio A/B should be independent of the momentum of the jet. Our experimental results show, however, that A / B increases as the momentum increases, as is shown in figure 7 , where the dimensionless quantity (.a)-' A/B is plotted against R. It is clear that if the jet is to be considered as coming from a point, as the calculation assumes, then that point must be taken not at the mouth of the jet but within it, and the distance 3- x, of this imagined point source from the orifice must increase as the momentum increases and the angle of the jet becomes smaller. The simplest assumption, which will be justified by considerations of the kinetic energy, is that x, is proportional to Q, or, what is the same thing, to a, so that A/B = 8v (X + x,) or This enables us to find a value of x, corresponding to each value of A/B. In figure 8 , xo/a is plotted against aa/v, and it will be seen that the values obtained at the three different values of x are quite consistent. The points show a certain scatter, but it is clear that the method of fixing x0 makes severe demands on the data, and that discrepancies of a millimetre or two, that is, of I The three straight lines in figure 7 correspond to this formula, and it will be seen that they represent the experimental results as well as can be expected. I n particular one value of xo , corresponding to a given value of iialv, represents the results at all three values of x : the separation of the three straight lines, which all have the same slope, is not arbitrary, but given by the formula.
R+
In view of the conditions at the orifice, it might at first sight be supposed that the distance of the effective point source within the tube would be such as to make the theoretical lines of flow at the boundary of the orifice continuous with the walls of the tube; that is, that at this boundary v = o and &lax = o for the flow from the point. On reference to the expression for ZI in equation ( I ) , it is seen that v = o if f = 2, which also gives av/ax=o. From the expression for 6 we find, remembering that p = I and This neglects, however, the fact that the tube and its baffle will interrupt the theoretical lines of flow due to the point source, so that the constant multiple of R cannot be expected to have the value 0.216. It is of interest to note, however, that these considerations give a formula of the same type as equation (5).
To illustrate this point figure 9 has been prepared. It shows the lines of flow from the point P, taken at a distance x, within the jet given by equation (s), the value of R being 200. The lines are shown broken where they lie within the jet and baffle.
It is clear that in the liquid half space they cannot have exactly the form shown near the baffle, but it is also clear that only a slight modification is required to make them conform t o the actual boundary conditions. The continuity of the tube of flow FF with the walls of the jet appears to the eye to be quite good, but actually the point at which TJ = o is some little distance outside the jet, and is marked with an arrow,
The diagram makes it easy to see how it is that the flow from a point source suitably chosen gives a good representation of the actual flow, except in the immediate neighbourhood of the jet, For completeness the velocity-profiles at the three distances A, B and C are given. The scale of x is ten times that of y .
$ 6 . T H E K I N E T I C E N E R G Y
If we assume that the velocity at a distance x from the orifice is given by 
(7).
A value for x, may be obtained by comparing this with the kinetic energy at the orifice as determined by the flow in the tube, which will, however, depend upon the velocity profile assumed. For the parabolic distribution at the orifice Figure I O shows, for a particular value of R, the profile from a point source compared with the parabolic and square profiles which give, about the x axis, the same second moment for the enclosed area, i.e. the same momentum at the orifice. The kinetic energy given by the actual profile must clearly, in this case, be less than that given by the assumption of a point source, or, in other words, we must on this assumption increase x, to get the right kinetic energy.
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The difference between the value of x, given by the momentum distribution and by comparison of the kinetic energies at the orifice is, then, due to the fact that the latter method involves the distribution at the orifice itself. When the distance from the orifice exceeds a certain value (which is not greater than 0.8 cm. with our jet of diameter 0.09 cm.) the velocity-distribution, and therefore the kinetic energy, is given to a close approximation by substituting the value of xo given by equation (5) in if the diitribution at the orifice is rectangular (R > 180 with our type of jet). The energy is only Q times greater if the distribution is parabolic. As regards the loss of kinetic energy which takes place in the jet, .for larger values of R we have then
We have had the advantage of discussing certain points with Professor L. N. G. Filon, F.R.S., to whom our best thanks are due. The lenses used in the photography were originally purchased from a grant generously made by the Imperial Chemical Industries, Ltd. Dr J. E. R. CONSTABLE. With regard to the authors' deduction that, except for low rates of flow, there was an approximately uniform velocity-distribution in the water flowing in the tubes they tested,' I should like to ask whether they expect a similar distribution in the gas emerging from asensitive-flame jet, I understand that the work described in this paper had its inception in a study of the action of sensitive flames.
Miss T. J. DILLON. Could this method be applied to experiments on a blast of air from a jet if suitably light particles were used? S. R. BENNETT. I should like to ask the authors whether the method could be applied to distinguish between the particles originating in the jet itself and those entrained from the surrounding fluid.
AUTHORS' reply. In reply to M r Awbery and Dr Constable: As long as the velocity is uniform across the orifice the coefficient 0.160 will be appropriate. As is pointed out in the paper, this uniformity of velocity is to be expected so long as the Reynolds's number iia/v is not very small and so long as the jet does not terminate in a very long uniform tube-that is, so long as it is of anything like the form used in our experiments. In reply to Dr Wood: We tried to measure the velocity in the immediate neighbourhood of the orifice as has been suggested by Dr Wood, but were not successful. We are not clear as to the reason for the unsatisfactory nature of our plates for this region. In reply to Miss Dillon: The method could undoubtedly be applied to a non-turbulent air blast. In reply to Mr Bennett : In order to differentiate between the particles originating in the jet and those entrained, some colouring matter should be introduced into the liquid which issues from the jet. This then distinguishes it from the liquid through which it flows, but does not obscure the particles if a suitable concentration is chosen. We have actually done this in certain experiments.
